Studies of the photosensitized oxidation have demonstrated that photodynamic oxidation of methionine is mediated by singlet oxygen ( 1 O 2 ). In this study, we demonstrated that phagocytosing human polymorphonuclear leukocytes (PMN), but not resting PMN, oxidized both intracellular and extracellular methionine to methionine sulfoxide. N-ethylmaleimide, which inhibits phagocytosis and cellular metabolism, inhibited the oxidation of methionine. Neutrophils from patients with chronic granulomatous disease did not oxidize methionine even in the presence of phagocytosis. 
H202 at high concentrations oxidized methionine to methionine sulfoxide. However, when similar amounts of H202 were added to human PMN, they did not oxidize methionine. In contrast, when H202, at concentrations too low to oxidize methionine by itself, was added to the granular fraction, but not the soluble fraction, they oxidized methionine to methionine sulfoxide. The oxidation of methionine by the combination of H202 and granular fractions was inhibited by '02 quenchers and MPO inhibitors, but it was stimulated by deuterium oxide. Removal of chloride anion also INTRODUCTION Ingestion of particles by polymorphonuclear leukocytes (PMN)l is accompanied by the production of several reactive oxygen metabolites that have been implicated in the killing of ingested microorganisms (1) . The one electron reduction of molecular oxygen results in the production of superoxide (O°) (2) . In human PMN, a pyridine nucleotide oxidase appears to catalyze this reaction (3) . Superoxide may then dismutate, either spontaneously or under the enzymatic action of superoxide dismutase (SOD), producing H202 (1) . Recent evidence suggests that°2 and H202, in turn, are precursors of more powerful oxidizing agents such as hydroxyl radical (OH.) (4) or singlet oxygen ('02) (5) .
Singlet oxygen is an excited state of molecular oxygen in which an electron has been shifted to an orbital of higher energy (6) . The (10) showed that the conversion of diphenylfturan to cis-dibenzoyl ethylene, the prestumned 102 reaction, by the MPO-H202-Clsystem wats dtue to the generation of C12, not '02.
Studclies of'the photosen sitized oxidationi have demonistrated that photodynamnic oxidatioin of methioniine is imediatedI by '02 (11, 12) . At low to neuitral pH, two molecuiles of methionine are oxidized to methioniine sulfoxidle by onie molectule of 102 accordling to the followinig reaction (11, 12) Isolationt oj humrza PMN anid preparationi of cellfractionss.
These were performe(d as (lescribeci previously (14, 15 The tubes then were incubated at 37°C for 30 min in a waterbath wvith constant shaking. At the end of incubation, the tubes were immersed in ice and immediately centrifuiged at 1,000 g for 5 mill at 4°C. The supernate wvas chromatographed to determine the oxidation of methionine as described above.
Otherstudies. The fate of methionine in human PMN was analyzed by determining which fractions of radioactivity were acid soluble and acid insoluble as described previously (17) . The myeloperoxidase activity of the granular fractions wvas determined according to Michell et al. (18) and the photodynamiiic oxidation of methionine by methylene blue was 3Solvent system I can also separate methionine sulfone from methionine and methionine sulfoxide (23 (14) . Hydrogen peroxide production was determined by the disappearance of scopoletin fluorescence in the presence of horseradish peroxidase as described previously (19) . The effect of D20 on the oxidation of methionine by PMN, granular fraction or methylene blue was carried out by substituting H20 with D20 to a final concentration of 60% D20.
Statistical analysis. Statistical differences were determined using Student's t test for independent means (20) .
RESULTS
Oxidation of methionine by human PMN. Using ascending paper chromatography with three different solvent systems, we demonstrated that in the presence of latex particles, methionine was oxidized to methionine sulfoxide by human PMN. Fig. 1 shows one of the typical experiments. After 30 min incubation, 86% of methionine present in the final medium was oxidized to methionine sulfoxide by human PMN in the presence of latex particles; whereas in the absence of latex particles, none of the methionine was oxidized. Fig (21), inhibited the oxidation of methionine by PMN in the presence of latex particles. This suggests that the metabolic event associated with phagocytosis is responsible for the oxidation of methionine to methionine sulfoxide. Since the majority of methionine remained in the medium, subsequent studies were performed to determine the oxidation of extracellular methionine only. Fig. 3 shows a time-course of the oxidation of methionine by phagocytosing PMN. The oxidation of methionine was rapid; it reaches a plateau after incubation for 15 min. This suggests that the agent responsible for the oxidation of methionine is produced at the early phase of phagocytosis. Oxidation of methionine by PMN from patients with chronic granulomatous disease (CGD). Neutrophils from patients with CGD ingest particles normally, but fail to produce O-, H202, and OH-normally associated with phagocytosis (1) . As a conse(luence, CGD patients suffer from recurrent, severe infections. Neutrophils from two unrelated patients with X-linked CGD were studied; CGD PMN did not oxidize methionine to methionine sulfoxide even in the presence of latex particles (two experiments, data not shown).
Effect of singlet oxygen quenchers on the oxidation of methionine by human PMN. To deternine the agent (or agents) responsible for the oxidation of methionine by phagocytosing PMN, the effect of '02 quenchers was first studied. Many of the known 102 quenchers such as ,-carotene, dimethylfuran (12) are lipid soluble with very limited water solubility. In this study, we only used the water soluble '02 quenchers, DABCO (22) , tryptophan (12) , and NaN3 (23) . As shown in Table II , all these '02 quenchers prevented the oxidation of methionine by phagocytosing PMN. Other amino acids, lysine, and glycine, had no effect (three experiments, data not shown). At similar concentrations, these '02 quenchers did not have any effect on the°2 production by human PMN either at rest or during phagocytosis (three experiments, data not shown).
Since NaN3 is known to inhibit heme enzymes such as MPO or catalase; KCN, an inhibitor of heme enzymes but not a '02 quencher (5), was also studied. As shown in Fig. 4 , both NaN3 and KCN inhibited the oxidation of methionine by human PMN during phagocytosis. However, NaN3 was about 10 times more potent than KCN in inhibiting methionine oxidation, al- Table I. though KCN is a more potent inhibitor of MIPO (24) (also see below). Effect of SOD and catalase on the oxidation of nmethionine by human PMN. The effect of SOD and catalase was also studied. As shown in Table III , SOD had no effect on the oxidation of methionine by phagocytosing PMN. In contrast, catalase markedly inhibited the oxidation of methionine. The combination of SOD and catalase did not increase the inhibition suggesting that hydroxyl radicals were not involved. Other hydroxyl radical scavengers such as ethanol and mannitol also had no effect on the oxidation of methionine by phagocytosing PMN. (Table III) Effect of H202 on the oxidation of methionine by human PMN. The above results indicate that at least part of the methionine oxidation by phagocytosing PMN is dependant on H202. Since H202 is known to oxidize methionine to methionine sulfoxide (25) , we studied the effect ofexogenous H202 on the oxidation of methionine bv human PMN. As shown in Fig. 5 , H202 oxidized mnethionine to methionine sulfoxide at relatively high concentrations, e.g., at a concentration of 1 mnM, it oxidized 45% of the methionine. However, when the same amounts of H202 were added to human FIGURE 4 The effect of NaN3 and KCN on the oxidation of methionine by human PMN during phagocytosis. Human PMN (1.5 x 10') were incubated with methionine (22 gM) and latex particles for 30 * The results are expressed on the same basis as in Table I . There was no statistical difference between catalase 100 U/mi and catalase 100 U/ml + SOD 100 U/ml; catalase 500 U/mi and catalase 500 U/ml + SOD 400 U/mi. Oxidation of methionine by the granular fraction of human PMN. In contrast to the above observation, when H202 at concentrations (0.01-0.2 mM) too low to oxidize methionine, was added to the granular fractions of human PMN, it oxidized methionine to methionine sulfoxide (Table IV) . In the absence of H202, the granular fraction did not oxidize methionine. When similar amounts of H202 were added to the soluble fractions, there was no oxidation of methionine. Thus, the granular fraction of human PMN markedly enhanced the ability of H202 to oxidize methionine.
Effect of 102 quenchers and MPO inhibitors on the oxidation of methionine by the granular fraction. solution that contained Cl-or in the phosphate buffer (0.1 M pH 7.0) that did not contain C1-. As shown in Table V , DABCO and tryptophan at a concentration of 1 miM, which markedly inhibited the oxidation of methionine (Table II) did not have any effect on the MPO activities of the granular fractions. NaN3 (1mM), while markedly inhibiting the oxidation of methionine (90% inhibition), inhibited the MPO activities by only 18%. In contrast, KCN at the similar concentration markedly inhibited the oxidation of methionine and the MPO activities.
The effect of Cl-on the oxidation of methionine by the granularfraction. Our results suggest that the oxidation of methionine by phagocytosing PMN or the granular fraction is dependent on MPO and H202. To determine whether the MPO-mediated antimicrobial system (MPO-H202-Cl-) (1) is responsible for this oxidation, the effect of Cl-was then studied. When Cl-was eliminated from the incubation medium by replacing modified Hanks' solution with phosphate buffer (0.1 M, pH 7.0), oxidation of methionine by the grantular fraction was markedly reduced, but not completely abolished (32.3±8.4% vs. control 86.9 ±+6.5% n = 5, P < 0.001). This might be due to a slight contamination of Cl-in the granular fractions. This reduced oxidation of methionine by the granular fraction in the absence of Cl-was not due to the inhibition of MPO, since MPO functioned normally in the absence of Cl-(see above).
Effect of D20 on the oxidation of methionine by human PMN and the granularfraction. The lifetime of'02 is much longer in D20 than in H20 (26) been suggested that enhancement of '02-mediated reaction in D20 is one way of demonstrating '02 intermediacy (12, 26) . The effect of D20 on the oxidation of methionine by human PMN and the granular fraction was then studied. For this purpose, the concentration of methionine was increased to 102 ,uM (instead of 22 ,M used in the above experiments). As shown in Table VI , D20 had no effect on the methionine oxidation by resting PMN, while it markedly stimulated the methionine oxidation by granular fractions. Since at higher concentrations, H202 can oxidize methionine, the effect of D20 was also studied. D20 had no effect on the oxidation of methionine by H202 (34 ments). In addition, D20 (60%) had no effect on either the 0°production by phagocytosing PMN or the MPO activity of the granular fractions (three experiments, data not shown).
Oxidation of methionine by NaOCI and methylene blue. The formation of hypochlorous acid by MPO, H202, and Cl-(13) and the generation of '02 by hypochlorite and H202 (6, 12) have led Rosen and Klebanoff (5) to suggest that this may be the mechanism that '02 is produced by PMN during phagocytosis. Since hypochlorite is a potent oxidizing agent, it is possible that the oxidation of methionine by MPO-H202-Clsystem is mediated by hypochlorite, rather than '02. In fact, it has been shown that the presumed '02 reaction described by Rosen and Klebanoff (5) is due to chlorine instead of 102 (13) . As shown in Fig. 6 , hypochlorite oxidized methionine to methionine sulfoxide (hypochlorite at concentrations higher than 0.02 mM oxidized methionine to a new product with a Rf value of 0.82 in the solvent system I). Addition of H202 did not enhance the oxidation of methionine. Furthermore, D20 did not have any effect on the oxidation of methionine by hypochlorite either in the presence or absence of H202. As a control experiment for comparison, photodynamic oxidation of methionine by methylene blue, a known '02-mediated reaction (11, 12) , was enhanced by D20 (two experiments, data not shown).
DISCUSSION
In this study, we demonstrated that phagocytosing human PMN, but not resting PMN, oxidized both intracellular and extracellular methionine to methionine sulfoxide. N-ethylmaleimide, which inhibits phagocytosis and cellular metabolism, inhibited the oxidation of methionine. Neutrophils from patients with CGD failed to oxidize methionine even in the presence of phagocytosis. Thus, the oxidation of methionine by phagocytosing PMN is dependent upon the oxidative metabolism normally associated with phagocytosis.
Methionine Oxidation and Human Neutrophils From the data presented, it is clear that the oxidation of methionine by phagocytosing PMN was not due to O-or OH-. On the other hand, the oxidation of methionine by phagocytosing PMN was at least in part dependent on H202. However, there are several pieces of evidence suggesting that the oxidation of methionine is not directly mediated by H202. First, KCN, a potent heme enzyme inhibitor, inhibited the oxidation of methionine by phagocytosing PMN. In the presence of KCN, catalase and MPO are inhibited. As a result, more H202 is released by phagocytosing PMN (27) . If the oxidation of methionine by phagocytosing PMN was due to the direct oxidation of methionine by H202, then KCN-treated PMN would have oxidized more methionine. Second, when H202, at concentrations sufficiently high to oxidize methionine, was added to PMN it did not significantly oxidize methionine. In contrast, when H202 (at concenitrations too low to oxidize methionine) was added to the granular fractions, it oxidized methionine to methionine sulfoxide. Third, the oxidation of methionine by H202 was not enhanced by D20, whereas the oxidation of methionine by phagocytosing PMN was markedly stimulated by D20. Thus, it is more likely that the combination of a KCN-sensitive enzyme (or enzymes) and H202 is responsible for the oxidation ofmethionine.
Three pieces of evidence support the possibility that the oxidation of methionine by phagocytosing PMN was due to the production of '02. First, '02 can oxidize methionine to methionine sulfoxide. The bulk of evidence comes from studies of photosensitized oxidation of methionine (11, 12) . Second, the oxidation of methionine by phagocytosing PMN was inhibited by '02 (luenchers. In this study, we only usied water soluble quenchers, DABCO (22) , tryptophan (12) , and NaN3 (23) . There are many other 102 quenchers such as ,8-carotene, bilirubin, and dimethylfuran (12) . However, these lipid soluble 102 quenchers have very limited water solubility. The vehicles used to dissolve sufficient quantities of these quenchers are found to be detrimental to the cells. Third, the oxidation of methionine by phagocytosing PMN was markedly enhanced by D20, a known phenomenon of 102-mediated reaction (12, 26) .
There are several mechanisms that O2 may be produced by phagocytosing PMN. These include: The spontaneous dismutation of°- (28) (4) If the oxidation of mnethionine by phagocytosing PMN was due to 102, then mechanism 1-3 did not produce sufficient '02 to oxidize methionine, since SOD did not have any effect on the methionine oxidation. On the other hand, the evidence presented in this paper, suggest that the oxidation of methionine is largely dependent upon the MPO-mediated antimicrobial system (MPO-H202-CI-). Although we have not actually used MPO, yet the cellular location (granular fractioni) and the responise to inhibitor suggest that MPO is most likelv the enzymne involved. Thus, one would suggest that mnechaniismn 4 was most likely responsible for the production of '02 and the oxidation of methionine. If this were the case, then the comiibination of OC1-and H202 should oxidize methionine to methionine sulfoxide. Unfortunately, OC1-alone oxidized mnethioninie, the addition of H202 did not enhance the oxidation of methionine. Furthermore, D20 did not enhance the oxidation of methionine bv either OC1-or the combination of OC1-and H202. Since D20 did not enhance the oxidation of methioninle by OC1, it suggests that the oxidation of methionine by phagocytosing PMN or by the combination of granular fraction, H202 and C1-was not due to OC1. Failure to show D20 enhancement of methionine oxidation by OC1-and H202 suggests that '02 was not produced by OC1-and H202 in sufficienit (luantity to oxidize methionine. We might not have used the optimal condition for the production of '02 by OCl-and H202, though we have performed the experiment at pH 8.5, which favors the production of '02 from OCl-and H202 (26, 31) .
Although our results are compatible with the production of '02 by phagocytosing PMN, because of the nonspecific nature of the chemical reaction and quenchers used, one really cannot be sure that the oxidation of methionine by phagocytosing PMN or the MPO-mediated antimicrobial system is actually due to '02. For example, NaN3 and tryptophan are shown to be OH-scavengers (32) as well as '02 quenchers (11, 12, 23) . Recently Held and Hurst (31) have demonstrated that hypochlorous acid preferentially oxidizes DABCO in the presence of H202 without intermediary formation of '02. Furthermore, the effect of D20 is not specific for I02-mediated reaction (33) . No matter what is responsible for the oxidation of methionine by phagocytosing PMN, if phagocytosing PMN also oxidizes methionine present at the active site of enzymes, this may be one of the mechanisms by which PMN damage microorganisms. Recently, Matheson et al. (34) have demonstrated that MPO, in the presence of H202 and halide ion, catalytically inactivates alpha-l-proteinase inhibitor. Amino acid analysis of the inactivated alpha-l-proteinase inhibitor reveals that methionine, which is present at the active site, is oxidized to methionine sulfoxide.
